1. Introduction {#sec1}
===============

Sulfamethoxazole (SMX), one of the extensively used sulfonamide antibiotics, can treat various diseases and infections in human and animals.^[@ref1]^ However, SMX has been detected in various water bodies and soil, causing toxic effects in aquatic organisms and prevalence of antibiotic resistance genes because of its widespread utilization, low metabolic efficiency, and slow biodegradation.^[@ref1]−[@ref3]^ Given its environmental impacts, it is significant to effectively eliminate the antibiotic SMX from water and wastewater.

Various treatment methods including ozonation, photolysis, electrochemical oxidation, and adsorption have been applied for eliminating SMX from water.^[@ref1]^ Among these techniques, adsorption has been recognized as a low-cost and practically feasible process owing to its simple and effective removal of SMX and no generation of toxic intermediates and byproducts.^[@ref3],[@ref4]^ Up to now, carbon nanotubes,^[@ref5]^ graphene oxide,^[@ref6]^ activated carbon (AC),^[@ref7]^ and clay mineral^[@ref8]^ have been investigated to remove SMX in water. However, compared to low-cost waste-derived biochars (BCs), these adsorbents are less economically feasible and environmentally sustainable because of relatively higher costs for manufacturing, regeneration, and disposal, which hinder their practical applications.

BCs, produced from pyrolysis of biomass under limited oxygen conditions, have been actively studied for their applications for removal of contaminants in water, soil, and air.^[@ref9],[@ref10]^ It has been reported that BCs can interact with sulfonamide antibiotics through van der Waals, π--π, hydrogen bonding, and electrostatic interactions.^[@ref11]^ A variety of BCs derived from alfalfa grass,^[@ref12]^ wood sawdust,^[@ref9]^ bagasse,^[@ref3]^ wheat straw, and rice straw^[@ref8]^ have been utilized for treatment of SMX in water. However, these raw BCs exhibited low adsorption capacities (less than 100 mg/g BC) with their less-developed pore structures and low surface areas ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf)).^[@ref1],[@ref4]^

Activation has been recognized as an effective method to improve the surface area and enhance the pore volume of BCs.^[@ref10]^ Activation of BCs has been studied via physical (e.g., steam and CO~2~), chemical (e.g., NaOH, KOH, and H~3~PO~4~), and catalytic methods.^[@ref4],[@ref10],[@ref13]−[@ref16]^ However, studies for SMX adsorption onto the activated BCs have been rarely reported. The H~3~PO~4~ activation of bamboo resulted in improvement of the surface area and pore volume of BC from 0.5 m^2^/g and 0.00053 cm^3^/g to 1.12 m^2^/g and 0.0023 cm^3^/g, respectively, while enhancing the adsorption capacity of this activated BC for SMX up to 88.10 mg SMX/g BC.^[@ref13]^ Moreover, the effective adsorption of SMX (397.29 mg/g BC) using the NaOH-activated *Pinus taeda* BC was achieved by the high surface area (959.9 m^2^/g) and hydrophobicity.^[@ref1]^

In addition, the source and availability of feedstock are very important for production of BC in terms of production cost and environmental sustainability. Bermudagrass (BG), as one of the most abundant forage grasses in USA, is widely grown in the southeast part of USA with an annual dry matter yield of 6--10 tons per acre.^[@ref17]^ Moreover, about 20% of these forage grasses are often discarded because of generation of pathogenic fungi in the forage grasses under excessive moisture conditions during their storage at farms, while the fungi-infected forages can cause severe diseases in animals.^[@ref18]^ Considering high quantities of BG production including discarded ones, BG could be potentially a viable biomass feedstock for BC production. However, the preparation and application of BG-derived BCs have been rarely studied, except that the previous studies mentioned that BG-derived BC could be applied for the treatment of tetracycline and chromium in water.^[@ref18],[@ref19]^

Although ZnCl~2~, NaOH, KOH, H~3~PO~4~, and FeCl~3~ are commonly used as chemical and catalytic activating agents, zinc cations are toxic in aqueous solution, while phosphoric acid is very hazardous and can cause damage to the skin, eyes, mouth, and respiratory tract. In addition, compared to KOH, NaOH is more environmentally friendly and less corrosive.^[@ref4]^ In our preliminary study, NaOH and FeCl~3~ as the activating agents were used to make activated BG-derived BCs under the same pyrolysis conditions. The results showed that the NaOH-activated BG BC had a larger surface area (1992 m^2^/g) and higher SMX adsorption capacity (425 mg SMX/g BC) than those of FeCl~3~-activated BG BC (1013 m^2^/g and 253 mg/g BC) under the same adsorption conditions (100 mL of 100 mg/L SMX, initial pH of 3, 0.01 g BC, and 3 d). Hence, in this study, the NaOH-activated BG BC was used for the detailed characterization and adsorption experiments.

For the first time, this work studied the detailed characteristics and mechanism about SMX adsorption on the NaOH-activated forage BG BC (A-BC) through isotherm, kinetic, and thermodynamic studies. Therefore, the major objectives of this research were the production and characterization of A-BC and its application for SMX adsorption from water. The batch experiments for the isotherm, kinetic, and thermodynamic studies were conducted, while highly efficient NaOH-driven regeneration of SMX-saturated A-BC was developed. Based on the detailed investigation of physicochemical properties and adsorption characteristics, possible mechanisms associated with adsorption of SMX onto A-BC were also elucidated.

2. Results and Discussion {#sec2}
=========================

2.1. Characterization of BCs {#sec2.1}
----------------------------

The physicochemical properties of all BCs produced in this study are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The A-BC showed a significantly increased Brunauer--Emmett--Teller (BET) surface area of 1991.59 m^2^/g compared with R-BC (raw biochar produced at 300 °C, 1.67 m^2^/g) and BC800 (biochar produced at 800 °C, 85.82 m^2^/g). During NaOH activation at high temperature, the stoichiometric reaction between NaOH and carbon can be described as the following equation^[@ref4]^

###### Physicochemical Characteristics of all BCs[a](#t1fn1){ref-type="table-fn"}

  elemental analysis (wt %)                                                      
  --------------------------- ------- ------ ------- ------ ------ ------ ------ ------
  BG                          47.43   6.30   35.66   2.5    0.42   1.60   0.56   0.61
  R-BC                        59.53   5.07   27.56   4.20   0.09   1.02   0.35   0.41
  BC800                       68.02   1.58   12.94   3.37   0.05   0.28   0.14   0.19
  A-BC                        81.22   0.84   7.42    0.83   0.23   0.12   0.07   0.08

          proximate analysis (%, dry basis)                                     
  ------- ----------------------------------- ------- ------- --------- ------- ------
  BG      6.60                                85.71   7.69    0.63               
  R-BC    23.22                               73.14   3.64    1.67      62.05   5.07
  BC800   67.92                               18.04   14.04   85.82     29.27   4.19
  A-BC    70.96                               19.58   9.46    1991.59   8.91    5.63

BG: Bermudagrass; R-BC: raw biochar produced at 300 °C; BC800: biochar produced at 800 °C; A-BC: activated biochar; FC: fixed carbon; VC: volatile carbon.

Thus, the high surface area of A-BC can result from pore enlargement, which is associated with the following pathways: (1) evolution of carbon monoxide, carbon dioxide, and hydrogen produced from the breakdown of Na~2~CO~3~ under high temperature and hydroxyl reduction, (2) expansion of spaces between layers of carbon atoms owing to produced sodium interposition into carbon structures, and (3) reaction between active alkali intermediates and the carbon surface.^[@ref20],[@ref21]^ This also explains that the yield of A-BC (8.91%) was much lower than those of R-BC (62.05%) and BC800 (29.27%). The BET surface area analysis revealed that the NaOH activation of R-BC led to high enhancement of the surface area by a factor of 1193. The high surface area of A-BC (1991.59 m^2^/g) was higher than those of various commercial activated carbons^[@ref4],[@ref22]^ ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf)), while offering large active sites for adsorption of contaminants. Moreover, the scanning electron microscopy (SEM) images of A-BC ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf)) indicated that A-BC possessed the well-developed pore structure and various sizes of pores including micropores which could support the high surface area of A-BC.^[@ref22]^

The proximate analysis results for all BCs listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} showed significant changes in volatile and fixed carbons. Compared to R-BC, the contents of volatile carbon of BC800 and A-BC decreased from 73.14 to 18.04 and 19.58%, respectively, while the contents of fixed carbon increased from 23.22 to 67.92 and 70.96%, respectively. This was due to the thermal breakdown and release of volatile matter in carbohydrate fractions of BG feedstock during the heat treatment at high temperature resulting in the development of highly porous structures.^[@ref23]^ The ultimate analysis indicated that the C content in A-BC increased to 81.22% after the activation, while the O and H contents in A-BC markedly decreased to 7.42 and 0.84% compared to R-BC and BC800, respectively. The results were consistent with the previous studies which indicated the decomposition of O and H and the decrease in surface functional groups under high temperature and activated conditions.^[@ref4],[@ref24]^ The ratios of H/C, O/C, and (N + O)/C significantly decreased after the activation, indicating that NaOH activation decreased the O-containing functional groups and polarity of BC while increasing the aromaticity and hydrophobicity of A-BC. This would come from decarboxylation and demethylation reactions and loss of volatile organic matters during the activation.^[@ref1],[@ref25]^ Additionally, A-BC showed higher hydrophobicity (low ratio of O/C) and aromaticity (low ratio of H/C) than various commercial activated carbons ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf)), which could be beneficial for adsorption of hydrophobic contaminants onto the surface of A-BC because of hydrophobic interaction.

The X-ray diffraction (XRD) patterns listed in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf) showed the wide peaks and the lack of sharp peaks, indicating the amorphous structures and a low degree of crystallinity in the BCs.^[@ref26],[@ref27]^ Moreover, the broad peaks at 23 and 43° in BC800 and A-BC revealed the formation of turbostratic crystallites which are mostly amorphous materials with a partly short-range order.^[@ref16],[@ref25]−[@ref27]^

The functional groups of all BCs were illustrated by Fourier-transform infrared spectroscopy (FTIR) spectra ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf)). In comparison with R-BC, the peaks of BC800 and A-BC at 2852 and 2922 cm^--1^ (aliphatic C--H stretching vibrations) completely disappeared, indicating the complete carbonization of the raw material via the heat treatment at high temperature and NaOH activation.^[@ref28]^ In contrast, the peak at 2122 cm^--1^ for C≡C stretching vibration showed strong intensity in BC800 and A-BC compared to R-BC.^[@ref29]^ Moreover, the peak intensity at 2122 cm^--1^ increased significantly after the activation, indicating that A-BC can provide more electron-donor sites, which are closely related to π--π interactions between BCs and organic contaminants. The peak at 1575 cm^--1^, corresponding to C=C stretching vibration, significantly increased in A-BC, revealing the high aromatization during the activation.^[@ref30]^ Compared to R-BC, the peak at about 1050--1060 cm^--1^ for C--O stretching vibration drastically decreased in BC800 and A-BC because of the loss of O-containing functional groups.^[@ref27]^ For A-BC, the peak at 1059 cm^--1^ (C--O) experienced a negative shift after the SMX adsorption, implying that the O-containing functional groups in A-BC interacted with the SMX. Both peaks at 1575 cm^--1^ (C=C) and 2120 cm^--1^ (C≡C) moved to 1591 and 2122 cm^--1^, which would result from the interactions of these functional groups with SMX molecules during adsorption.

2.2. Effect of the Initial pH and Adsorption Mechanism {#sec2.2}
------------------------------------------------------

The initial pH can influence on the SMX adsorption onto BCs through altering properties of SMX and BCs. Owing to p*K*~1~ = 1.6 and p*K*~2~ = 5.7 ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf)), the predominant species of SMX were SMX^+^ at pH \< 1.6, SMX^0^ at 1.6 \< pH \< 5.7, and SMX^--^ at pH \> 5.7.^[@ref1]^ The pH~PZC~ of R-BC, BC800, and A-BC were found to be 5.07, 4.19, and 5.63, respectively ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf)). The surface charges of BCs are positive with the solution pH less than their pH~PZC~, otherwise they are negative.

As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, compared with A-BC, R-BC and BC800 exhibited the low adsorption capacities for SMX at various pH values (less than 30 mg/g), which is possibly attributed to low surface areas of R-BC and BC800. For A-BC, the highest SMX adsorption was achieved at pH 3 (456 mg/g), but the increase in pH up to 10 resulted in a decrease in SMX adsorption as the similar trends were found from the previous studies.^[@ref13]^ Although the SMX adsorption capacity of A-BC varied with different pH values, the adsorption capacity (*Q*~e~) did not change significantly between pH 1 and 9 (85.65% of maximal *Q*~e~ at pH 1; 78.60% of maximal *Q*~e~ at pH 9). Therefore, the SMX adsorption on A-BC was found to be applicable in a broad range of pH, which was favorable to practical applications of A-BC for wastewater and water treatment.

![Adsorption of SMX onto all BCs. R-BC: raw biochar produced at 300 °C. BC800: biochar produced at 800 °C. A-BC: activated biochar.](ao0c00983_0001){#fig1}

The electrostatic interactions between the adsorbate and adsorbent surface significantly affected the adsorption of ionic compounds.^[@ref31]^ SMX^+^ was predominant (79.92%) at pH 1 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), and the surface charge of A-BC was near zero under acidic conditions ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf)). Therefore, the electrostatic interactions were not significant at pH 1. As seen in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, 85.65% of maximal *Q*~e~ was still observed at pH 1. In addition, π--π electron donor--acceptor (EDA) interaction has been recognized as the major mechanism for sulfonamide adsorption on BCs.^[@ref11]^ SMX can serve as an electron acceptor because the sulfonamide group has the powerful electron-withdrawing capacity, and also, the heteroaromatic group becomes electron deficient because the high electronegativity of the O atom can reduce the electron density of the heteroaromatic group, while the graphitic surface of BC is electron rich and can serve as an electron donor.^[@ref11],[@ref32]^ Therefore, the noncovalent interaction (π--π EDA) can form between the electron-rich π system (BC) and electron-deficient π system (SMX) via attractive interaction. Moreover, as shown in [Tables S4 and S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf), the contribution of SMX^+^ to total adsorption was 91.86% at pH 1. The surface of A-BC includes C=C and C≡C groups ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf)), which can provide the electrons for π--π EDA interaction. Thus, the adsorption at pH 1 may be governed by π^+^--π EDA interaction between the protonated aniline ring and the π-electron rich surface of A-BC.^[@ref11],[@ref31]^

The maximum adsorption capacity of A-BC for SMX was achieved at pH 2--5. Because neutral SMX^0^ molecules were predominant species and the surface of A-BC was positively charged at pH 2--5, the electrostatic interaction between A-BC and SMX was not responsible for the SMX adsorption onto A-BC. Therefore, other adsorption mechanisms such as π--π EDA interaction, hydrophobic interaction, and hydrogen bond would involve in the adsorption of SMX onto A-BC. Although SMX has lowest solubility in water at pH 3.22, its solubility increases and decreases at pH values higher and lower than 3.22.^[@ref33]^ As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the adsorption capacities of A-BC for SMX decreased at pH values higher and lower than 3; therefore, the SMX adsorption on A-BC was negatively influenced by increasing solubility of SMX. Thus, these findings also confirmed that hydrophobic interaction occurred between SMX and A-BC at pH 2--5, which was consistent with the previous studies.^[@ref1],[@ref9]^ Furthermore, strong hydrogen bonds could be generated between neutral sulfonamides and functional BCs, as reported by the previous studies.^[@ref29]^ From the analysis of FT-IR spectrum of A-BC before and after the SMX adsorption ([Section [2.1](#sec2.1){ref-type="other"}](#sec2.1){ref-type="other"}), the O-containing functional groups of A-BC were found to involve in the SMX adsorption process. Hence, because of the high electronegativity of N and O atoms, hydrogen bond formation could occur between the O-containing functional groups of A-BC and the −NH-- and −NH~2~ groups in the SMX molecule.

In pH 6--10, SMX^--^ was predominant and the A-BC surface was negatively charged. Therefore, the *K*~d~ values gradually began to decline because of the existence of electrostatic repulsion ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf)). Additionally, because of the deprotonation of SMX^--^ and the decrease in π electron acceptor capacity, π--π EDA interaction significantly decreases at high pH.^[@ref3]^ However, at pH 6--10, some portion of SMX was still adsorbed onto the negatively charged A-BC. The previous study has reported that charge-assisted hydrogen bond (CAHB) interactions can occur between the negative BC surface and sulfonamides.^[@ref11]^ Moreover, as shown in [Tables S4 and S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf), the contribution of SMX^--^ to total adsorption was between 77.89 and 99.99% at pH 6--10. Therefore, the adsorption at this pH range may be attributed to negative CAHB between SMX^--^ and negatively charged A-BC. More specifically, SMX^--^ can first make H^+^ exchange with the H~2~O molecule and release the OH^--^ into aqueous solution, and OH^--^ can be neutralized by H^+^ released from O-containing functional groups on the A-BC surface to form negative CAHB ([eqs [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} and [3](#eq3){ref-type="disp-formula"}).^[@ref13],[@ref29]^

In conclusion, as shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf), π^+^--π and π--π EDA, hydrophobic, hydrogen bond, and CAHB interactions could be considered as possible adsorption mechanisms for adsorption of SMX onto A-BC.

2.3. Adsorption Kinetics {#sec2.3}
------------------------

Kinetic studies are essential to comprehend the adsorption mechanisms and rate-limiting steps. In this study, the adsorption kinetics of SMX on A-BC was investigated under two initial concentrations of SMX (20 and 100 mg/L at pH 3). It is noteworthy that the data from two different concentrations exhibited the same trend. A fast adsorption occurred in a few minutes and reached the equilibrium after 60 min, which indicated a favorable interaction between SMX and A-BC ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![Adsorption kinetics of SMX onto A-BC by fitting the pseudo-first order, pseudo-second order, and Elovich (a,b) and intraparticle diffusion models (c,d) and the film diffusion model (e,f) under two different initial concentrations of 20 mg/L (a,c,e) and 100 mg/L (b,d,f).](ao0c00983_0002){#fig2}

The kinetic parameters determined from the adsorption results are listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. With the high determination coefficient (*R*^2^: 0.9933--0.9983), the PSO model (*R*^2^: 0.9933--0.9983) was better fitted with experimental data than the PFO model (*R*^2^: 0.9805--0.9886). In addition, the *Q*~e~ value calculated from the PSO model was closer to the experimental *Q*~e~ value, implying that chemisorption between SMX and A-BC was more important than physisorption.^[@ref1]^ The Elovich model was also well fitted to experimental data with high *R*^2^ values (0.9933--0.9982) and low SSE (4.46--4.75).^[@ref1]^ The parameters (*a* and *b*) in the Elovich model for A-BC indicated a high value of the initial adsorption rate and low desorption ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Upon the assumptions for the Elovich model, strong chemical interactions would occur on the energetically heterogeneous surface of A-BC.^[@ref4]^ The adsorption process in porous materials is often controlled by intraparticle or film diffusion or both combined.^[@ref18]^ In this study, the intraparticle diffusion model was applied to the kinetic results for understanding possible rate-limiting steps. The key parameter (*K*~i~) in the model indicated intraparticle diffusion limitation. The plots of *Q*~*t*~ against *t*^1/2^ were distributed into three linear sections, representing three various stages ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d). The first stage was ascribed to the rapid diffusion of SMX into the external surface of A-BC. The second stage exhibited gradual adsorption and was attributed to intraparticle diffusion. In addition, the adsorption process reached the final equilibrium in the third stage, where the intraparticle diffusion rate decreased owing to the decrease in SMX concentration in the solution.^[@ref14],[@ref20]^ However, both second and third stages did not go through the origin, revealing that the intraparticle diffusion was not the sole rate-limiting step.^[@ref34]^

###### Summary of Kinetic Parameters of SMX Adsorption on A-BC

                                           20[a](#t2fn1){ref-type="table-fn"}   100[a](#t2fn1){ref-type="table-fn"}
  ---------------------------------------- ------------------------------------ -------------------------------------
  *Q*~e~[b](#t2fn2){ref-type="table-fn"}   194.99                               409.03
  Pseudo-First Order                                                            
  *Q*~e~[c](#t2fn3){ref-type="table-fn"}   189.02                               384.57
  *K*~1~                                   1.83                                 1.85
  SSE                                      5.81                                 15.54
  *R*^2^                                   0.9886                               0.9805
  Pseudo-Second Order                                                           
  *Q*~e~[c](#t2fn3){ref-type="table-fn"}   193.46                               394.44
  *K*~2~                                   0.02                                 0.01
  SSE                                      2.26                                 9.09
  *R*^2^                                   0.9983                               0.9933
  Elovich                                                                       
  *Q*~e~[c](#t2fn3){ref-type="table-fn"}   202.41                               415.13
  *a*                                      4.43 × 10^11^                        7.92 × 10^10^
  *b*                                      0.15                                 0.07
  SSE                                      4.46                                 4.75
  *R*^2^                                   0.9933                               0.9982
  Intraparticle Diffusion                                                       
  *K*~i1~                                  159.63                               326.04
  *R*^2^                                   1                                    1
  *K*~i2~                                  16.00                                33.93
  *R*^2^                                   0.9755                               0.9834
  *K*~i3~                                  0.76                                 3.76
  *R*^2^                                   0.7282                               0.9273
  Film Diffusion (Boyd Equation)                                                
  *R*^2^                                   0.9129                               0.9633

Initial concentration of SMX (mg/L).

Observed value *Q*~e~ (mg/g).

Calculated value *Q*~e~ (mg/g).

To figure out the adsorption mechanism controlled by film diffusion, the kinetic data were further evaluated through the film diffusion model using the Boyd equation.^[@ref20]^ The calculated *B*~*t*~ values were plotted with time t, as displayed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e,f. When the data points were linear and across the origin, intraparticle diffusion controlled the transfer of adsorbate molecules.^[@ref35]^ As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e,f, the linear lines from two different initial concentrations of SMX did not go through the origin, revealing that film diffusion also participated in the entire adsorption process.^[@ref35]^ Therefore, both film diffusion and intraparticle diffusion may play a significant part during the process of SMX adsorption onto A-BC.

2.4. Adsorption Isotherm {#sec2.4}
------------------------

For comprehensively understanding the nature of interactions between SMX and A-BC, the isotherm models (Langmuir, Freundlich, Temkin, and Dubinin-Redushckevich) were fitted to the experimental results ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} and [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf)). As summarized in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, compared to the Freundlich model (*R*^2^ = 0.9145), the isotherm results were better matched with the Langmuir model (*R*^2^ = 0.9418), indicating that monolayer adsorption of SMX molecules would occur on the homogeneous surface of A-BC.^[@ref36]^ Moreover, the low value of *R*~L~ (separation constant; the adsorption is irreversible at *R*~L~ = 0, favorable at 0 \< *R*~L~ \< 1, linear at *R*~L~ = 1, and unfavorable at *R*~L~ \> 1) was calculated from the Langmuir model, which suggested that the SMX adsorption onto A-BC was favorable in the SMX concentration used for this study ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}).^[@ref36]^ The value of the heterogeneity factor 1/*n* (0.13) from the Freundlich model, close to zero, indicated that A-BC presented a high heterogeneity degree.^[@ref20]^ Moreover, the Temkin model exhibited the highest *R*^2^ (0.9736) and lowest SSE (19.27) among all of the models. Based on the assumption of the Temkin model that adsorption heat is reduced linearly with the surface coverage of the adsorbent, the chemisorptive interaction was dominant in the adsorption process.^[@ref37]^ Furthermore, the obtained mean free energy value (*E*) from the Dubinin-Radushkevich model (91.29 kJ/mol) was bigger than 8 kJ/mol, indicating that strong chemisorption happened on the surface of A-BC, which supported the result of kinetics analysis.^[@ref37]^

###### Summary of Isotherm Model Parameters for SMX Adsorption on A-BC

  ---------------------------- ---------
  Langmuir Model               
  *Q*~m~                       424.66
  *K*~L~                       6.12
  *R*~L~                       0.016
  SSE                          28.63
  *R*^2^                       0.9418
  Freundlich Model             
  *K*~f~                       286.05
  *N*                          7.55
  SSE                          34.71
  *R*^2^                       0.9145
  Dubinin-Radushkevich Model   
  *K*~DR~                      429.72
  *B*~D~                       0.00006
  *E*                          91.29
  SSE                          37.37
  *R*^2^                       0.9009
  Temkin Model                 
  *K*~T~                       915.18
  *b*~T~                       55.69
  SSE                          19.27
  *R*^2^                       0.9736
  ---------------------------- ---------

The A-BC exhibited a maximum adsorption capacity of 424.66 mg/g, which was higher than those of different adsorbents ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf)). The previous studies have reported that the SMX adsorption capacity showed positive correlation with surface areas of different adsorbents.^[@ref1]^ Thus, in this study, the high *Q*~e~ value of A-BC may be ascribed to its high surface area (1991.59 m^2^/g) after NaOH activation. Moreover, for figuring out potential of A-BC for commercial application, three commercial ACs (Calgon F400, Darco G-60, and Norit GAC) were also used for SMX adsorption. Surprisingly, the *Q*~e~ value of A-BC was higher than those of Calgon F400 (312.14 mg/g), Darco G-60 (328.83 mg/g), and Norit GAC (377.5 mg/g), which demonstrated the great potential of A-BC for the treatment of SMX in wastewater.

2.5. Thermodynamic Study {#sec2.5}
------------------------

The thermodynamic parameters were determined based on the impact of temperature (293--313 K) on SMX adsorption onto A-BC. The Δ*G*^0^ values were negative under all investigated temperatures and initial concentrations, implying the spontaneous adsorption of SMX onto A-BC ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}).^[@ref36]^ In addition, the Δ*G*^0^ value decreased with the increase in temperature, revealing that the affinity of SMX onto A-BC also increased at higher temperature. Furthermore, the absolute values of Δ*G*^0^ obtained at an initial concentration of 50 mg/L were higher than those of 100 mg/L, indicating that SMX adsorption might be more spontaneous at lower initial concentration. This would be explained by the fact that higher initial SMX concentration could cause higher competition of SMX molecules for the available active sites on the surface of A-BC. The positive values of Δ*H*^0^ (2.120--6.184 kJ/mol) evidenced that the adsorption process was endothermic and inclined to chemisorption as physisorption often shows exothermic reactions.^[@ref36]^ Meanwhile, the values of Δ*S*^0^ (23.372--49.682 J/mol·K) were positive, suggesting that the randomness was enhanced at the contact area of solid--liquid and the adsorption was spontaneous in nature.^[@ref38]^

###### Thermodynamic Parameters for the Adsorption of SMX on A-BC

                         Δ*G* (kJ/mol)             
  ----- ------- -------- --------------- --------- ---------
  100   2.120   23.372   --4.732         --4.965   --5.199
  50    6.184   49.682   --8.380         --8.877   --9.374

2.6. Applications of A-BC for Treatment of Other Emerging Contaminants and Wastewater {#sec2.6}
-------------------------------------------------------------------------------------

While the A-BC was used for adsorption of SMX in this study, the adsorption capacities of A-BC for tetracycline and bisphenol A in water were also evaluated. The adsorption capacity of A-BC for tetracycline under the selected condition (0.01 g of BC, 100 mL of 100 mg/L tetracycline, initial pH 6, and 3 d) was 307 mg/g, which was higher than those of commercial activated carbons and activated BCs (96--290 mg TC/g BC) and other BCs reported in the previous study.^[@ref4]^ The adsorption capacity of A-BC for bisphenol A under the selected condition (0.01 g of BC, 100 mL of 70 mg/L bisphenol A, initial pH of 6, and 3 d) was also estimated to be 356 mg of bisphenol A/g BC, which was greater than those of commercial activated carbons (130--263 bisphenol A mg/g) and other BCs reported in the previous study.^[@ref12]^

In order to see practical feasibility of A-BC for treatment of antibiotics (SMX) in real wastewater containing multiple pollutants, SMX was added to the wastewater taken from the second lagoon at the dairy farm of Southwest Dairy Center, Tarleton State University (Stephenville, TX). Please see multiple pollutants in the dairy wastewater, which are listed in [Table S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf). Under the same adsorption conditions, compared to SMX adsorption onto A-BC in DI water, the adsorption capacity of A-BC for SMX in the dairy wastewater was reduced by 38.47% ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf)). This result clearly supports the fact that the presence of various organic and inorganic contaminants in the wastewater ([Table S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf)) could compete with SMX for the active adsorption sites of A-BC, although understanding of effects of the individual pollutant is extremely challenging.

2.7. Regeneration Study {#sec2.7}
-----------------------

The regeneration of adsorbents is of great importance for development of cost-effective processes. Thus, it is important for A-BC to be effectively regenerated for long term reuse for removal of SMX in water. In this study, NaOH-driven desorption was selected as one of the possible desorption methods, although the previous studies also reported other desorption agents for regeneration of contaminant-saturated carbon adsorbents such as KOH, methanol, and ethanol.^[@ref39],[@ref40]^ Various concentrations of NaOH solution were used to regenerate A-BC after A-BC was fully saturated with SMX. As presented in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf), the readsorption capacity was the highest (397.65 mg/g) after regeneration using 0.2 M NaOH, and the NaOH concentration was higher than 0.2 M and resulted in the decrease in readsorption capacity. Previous studies also reported that the high regeneration capacity of BCs was observed using 0.1 M NaOH as the dilute NaOH could result in the formation of more interconnected pore structures.^[@ref18],[@ref41]^ However, the carbon structure might be damaged or deformed under high concentration of NaOH, leading to the lower readsorption capacity. In addition, four cycles of adsorption--desorption were also conducted using 0.2 M NaOH in the present study. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the regeneration efficiency remained at 91.19 and 64.60% after the first and fourth cycles, indicating high potential of NaOH-driven regeneration of A-BC under optimization of regeneration conditions.

![Reusability test of A-BC using 0.2 M NaOH.](ao0c00983_0003){#fig3}

Therefore, owing to its inexpensive feedstock, high adsorption, regeneration capacities, and possible adsorption of various contaminants, A-BC can be one of the highly effective adsorbents for treatment of various organic contaminants in water and wastewater.

3. Conclusions {#sec3}
==============

The NaOH-activated BC made from forage BG showed a high surface area (1991.59 m^2^/g) and adsorption capacity for SMX (425 mg/g BC), which was higher than various adsorbents including commercial ACs. The experimental results were well fitted by PSO and Elovich kinetic and Temkin isotherm models, revealing the strong chemisorptive interaction between SMX and A-BC. Moreover, both intraparticle diffusion and film diffusion affected the rate-limiting steps in the adsorption process. Additionally, the thermodynamic parameters implied the spontaneity and endothermic characteristic of SMX adsorption on A-BC. Furthermore, the regeneration of A-BC via NaOH-driven desorption revealed the great potential for practical application of A-BC.

4. Materials and Methods {#sec4}
========================

4.1. Materials {#sec4.1}
--------------

All chemicals used for this study were bought from Sigma-Aldrich (St. Louis, Missouri, U.S.). BG was obtained from a local hay shop (Stephenville, TX, U.S.). Three commercial activated carbons (Darco G-60, Norit GAC, and Calgon F400) were acquired from Sigma-Aldrich and Calgon Carbon.

4.2. Production of BCs {#sec4.2}
----------------------

BG, dried and sieved (\<500 μm), was utilized as the feedstock for BC. BG (10 g) was introduced into the quartz-tube furnace (MTI Corporation, Richmond, U.S.) and converted to BC under 300 °C for 15 min with 2 L/min of N~2~ flow. The first resulting raw BC was named "R-BC". The pyrolysis and activation conditions in the current study were the same as those in the previous studies, which showed the great performance for preparing the activated BCs.^[@ref4],[@ref42]^ NaOH solution (40 mL, 4 M) and 3 g of R-BC were mixed together at 20 °C for 2 h and then dried at 105 °C overnight. Afterward, the dry mixture was pyrolyzed under the activation conditions (800 °C, 8 °C/min, 2 L/min of N~2~, and 2 h reaction). The activated BC was named "A-BC". As a control, the BG was directly carbonized at 800 °C for 2 h with 8 °C/min, which was named "BC800". The R-BC, A-BC, and BC800 were washed with 3 M HCl (50 mL 3 M HCl/g BC) for 1 d and then repeated to be flushed with deionized water until the pH of filtered water became neutral. All BCs were dried at 105 °C and sieved (\<106 μm) for following tests. The yields of BCs were evaluated using [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}where *B* represents the weight of BG and *A* represents the weight of BCs after washing and drying.

4.3. Physicochemical Properties of BCs {#sec4.3}
--------------------------------------

Chemical compositions of all BCs were determined using an elemental analyzer (Robert Microlit Lab, NJ, USA), and a proximate analysis was carried out based on ASTM standard D7582-10.^[@ref43]^ The BET surface area was analyzed through the measurements of N~2~ sorption at 77 K (Particle Technology Lab, Downers Grove, USA). Functional groups in all BCs were evaluated using an FT-IR spectrometer (Bruker Optik GmbH, Ettlingen, Germany). An X-ray diffractometer (MiniFlex II, DE, USA), operated at 30 kV and 15 mA, was used to evaluate the crystalline structures on the surface of BCs. The surface morphologies of BCs were examined using a scanning electron microscope (S-4800, Hitachi Co., Japan). The pH of zero point charges (pH~PZC~) of BCs was evaluated through the procedures described in the previous work.^[@ref4]^ Please see the detailed characterization methods in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf).

4.4. Batch Adsorption Experiment {#sec4.4}
--------------------------------

The adsorption of SMX on all BCs (R-BC, BC800, and A-BC) was performed at pH 1--10 under the selected conditions. The batch adsorption tests were initiated by mixing 0.01 g of BC with 100 mL of 100 mg/L SMX solution in 250 mL Erlenmeyer flasks for 3 d at 20 °C. The kinetic, isotherm, thermodynamic, and regeneration studies were conducted at the selected optimal pH obtained from the abovementioned experiments.

The adsorption kinetics were studied by mixing 0.01 g of BC with 100 mL of SMX solution (20 and 100 mg/L). The adsorption isotherm experiments were carried out with 100 mL of SMX solution (10--100 mg/L) and 0.01 g of BC for 3 d.

For the thermodynamic analysis, SMX adsorption onto A-BC was conducted by mixing 100 mL of SMX solution (50 and 100 mg/L) and 0.01 g of BC at 20--40 °C for 3 d.

To see the possible practical application of A-BC for treatment of real wastewater, the adsorption experiment was conducted by stirring 0.01 g of A-BC and 100 mL of wastewater sampled from the second lagoon at the dairy farm at Southwest Dairy Center, Tarleton State University (Stephenville, TX) for 3 d. The dairy wastewater from the second lagoon at the dairy farm contained various organic and inorganic compounds spiked with 100 mg/L SMX at pH 6.

4.5. Regeneration Study {#sec4.5}
-----------------------

To regenerate and reuse the SMX-saturated A-BC, NaOH was selected as the desorption agent in this study. After 3 d of adsorption, the SMX saturated A-BC was separated from SMX solution and added into the same volume of NaOH solution (0.1--2.0 M NaOH) for the NaOH-driven desorption for 1 d. After NaOH desorption, the A-BC was separated from NaOH solution and dried at 65 °C. The conditions for readsorption experiments were the same as those described in [Section [4.4](#sec4.4){ref-type="other"}](#sec4.4){ref-type="other"}. Four cycles of adsorption--desorption were performed using 0.2 M NaOH solution. The regeneration efficiency of A-BC was calculated using [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}where *Q*~0~ is the initial *Q*~e~ and *Q*~*n*~ is the *Q*~e~ at *n* generation cycles.

4.6. Modeling of Adsorption Kinetics, Isotherms, and Thermodynamics {#sec4.6}
-------------------------------------------------------------------

In this study, the results obtained from the batch adsorption experiments in [Section [4.4](#sec4.4){ref-type="other"}](#sec4.4){ref-type="other"} were fitted to five kinetic models for adsorption kinetics and four isotherm models for the adsorption isotherm while used for determining thermodynamic parameters including standard enthalpy change (Δ*H*^0^), standard entropy change (Δ*S*^0^), and standard Gibbs free energy change (Δ*G*^0^).^[@ref38]^ The detailed descriptions for the models and the thermodynamic properties are listed in [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf).

4.7. Chemical and Data Analysis {#sec4.7}
-------------------------------

The aqueous SMX concentration was evaluated through the high-performance liquid chromatography (LC-2030C model, SHIMADZU, Torrance, CA, U.S.) with a C18 column (3.6 μm XB-C18). The operation conditions included the mobile phase \[methanol/water (33:67, volume ratio) with 0.1% formic acid\], a flow rate of 0.6 mL/min, and a UV detector at 265 nm.

Adsorption capacities at equilibrium and time *t*, *Q*~e~ (mg/g) and *Q*~*t*~ (mg/g), were determined using [eqs [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} and [7](#eq7){ref-type="disp-formula"}where *C*~i~, *C*~e~, and *C*~*t*~ represent the SMX concentration of the initial, equilibrium time, and time *t* (mg/L), respectively, *V* represents the solution volume (L), and *M* represents the mass of BC used in adsorption tests (g).

The following empirical equation was utilized to calculate the quantitative contribution of single SMX species to overall sorption in a given pH valuewhere α^--^, α^0^, and α^+^ represent the mass fraction of SMX^--^, SMX^0^, and SMX^+^, respectively, *K*~d~, *K*~d~^--^, *K*~d~^0^, and *K*~d~^+^ (L/kg) represent the adsorption coefficient of total, α^--^, α^0^, and α^+^, respectively. The contribution percentage of various SMX species was determined by *K*~d~^--^α^--^/*K*~d~ for SMX^--^, *K*~d~^0^α^0^/*K*~d~ for SMX^0^, and *K*~d~^+^α^+^/*K*~d~ for SMX^+^.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00983](https://pubs.acs.org/doi/10.1021/acsomega.0c00983?goto=supporting-info).Methods for characterization of BCs; maximum adsorption capacity (*Q*~m~) of various adsorbents for SMX; characteristics of various activated carbons; physicochemical characteristics of SMX; sorption coefficients for three SMX species on A-BC; contribution of different SMX species to the overall sorption on A-BC; characteristics of lagoon wastewater from dairy farm; adsorption isotherm, kinetic, and thermodynamic models; SEM; XRD; FT-IR; pH~PZC~; mechanisms for SMX adsorption on A-BC; adsorption isotherm of SMX on A-BC; effect of different NaOH concentrations on the regeneration of A-BC; and adsorption of SMX onto A-BC in DI water and real wastewater ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00983/suppl_file/ao0c00983_si_001.pdf))
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